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METHOD FOR DRIVING A HIGH SPEED
COMPRESSOR

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to a turbo compressor which
1s rotated by an induction motor via a speed-up gear
mechanism, and more particularly to a turbo compressor
which 1s rotated at a high but mechanically safe speed and
which can be operated independently of a frequency of a
commerclal power source applied to the mmduction motor.

2. Background Art

Generally a high speed compressor includes a plurality of
scroll-and-impeller sets (or a plurality of compressing units)
connected 1n series. Each scroll-and-impeller set or com-
pressing unit mcludes a scroll and an impeller rotatably
placed 1n the scroll. A high speed compressor mcluding two
compressing units 1s generally called a two-stage compres-
sor. The air 1s mtroduced into a first compressing unit and
compressed therein. The compressed air 1s then 1ntroduced
to a second compressing unit. In this manner, the air is
successively compressed through the in-series connected
compressing units and ultimately discharged from the last
compressing unit.

A high speed compressor also has a gear box and a bull
ogear rotatably provided in the gear box. The compressing
units are generally mounted on an outer surface of the gear
box. A drive shaft extends from the bull gear out of the gear
box and 1s driven by an mnduction motor. The drive shaft 1s
directly connected with the induction motor.

Each impeller has a shaft extending into the gear box and
a pinion gear 1s mounted on a free end of the shaft. The
pinion gears of the impellers mesh with the bull gear inside
the gear box. It should be noted that a single pinion gear may
mesh with the bull gear inside the gear box if only two
compressing units are mounted on the gear box and the two
impellers share a common shaft and a common pinion gear.

The bull gear 1s a large gear as compared with the pinion
gears 1n diameter and number of teeth. The bull gear is
connected with the induction motor via the drive shaft.
Accordingly, the impellers are driven by the induction motor
via the full gear and pinion gears.

In order to raise a rotational speed of the impellers, the
large-diameter bull gear and the small-diameter pinion gears
are, directly engaged with each other like a planetary gear
set. This 15 a one-stage speed-up mechanism.

Conventionally, a commercial power source 1s used for
actuation of the imnduction motor. A frequency of the com-
mercial power source 1s generally different from country to
country or from region to region. Therefore, the rotational
speed of the induction motor also differs depending upon a
place where the induction motor 1s used. For example, when
a two-pole induction motor 1s driven 1n a 60 Hz region, a
rotational speed meter reads 3,600 rpm whereas when 1t 1s
driven in a 50 Hz region, the rotational speed meter indicates
3,000 rpm.

A speed-up ratio by the bull gear and each pinion gear 1s
ogenerally about twenty times since a gear ratio between the
pinion gear and the bull gear 1s about 1/20. Therefore, a

maximum speed of the impeller reaches about 60,000-72,
000 rpm.

Consequently, performances of the high speed compres-
sor vary with a frequency of an available commercial power
SOUrce.

In the meantime, a compact high speed compressor has
been desired 1n the art. In order to reduce dimensions of the
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high speed compressor without degrading its performances,
1t 1S necessary to rotate each impeller at a higher speed such
as some 100,000 rpm.

To raise the impeller rotational speed, the speed-up ratio
and/or the motor rotational speed should be increased.
Employing a larger bull gear and/or smaller pinion gears
results 1n an increased speed-up ratio. In addition, using a
two-stage speed-up mechanism can also raise the impeller
rotational speed.

However, 1t 1s practically impossible to raise a gear ratio
between the bull gear and the piion gear while employing
a one-stage speed-up mechanism. This 1s because 1f there 1s
substantial difference between the two gears 1n dimension,
the gear diameter of the bull gear becomes too large with
respect to 1ts gear tooth height and width so that mechani-
cally appropriate meshing cannot be expected between the
bull gear and the pinion gears as long as these gears are
manufactured with ordinary tolerance. It 1s generally said
that the practically feasible maximum speed-up ratio (or
reciprocal of the gear ratio) is thirty times.

If a two-stage speed-up structure 1s utilized, the speed-up
ratio at each stage can be reduced. However, an intermediate
oear 15 needed, so that the overall speed-up mechanism
becomes complicated and larger. This 1s contrary to the
above-mentioned object, 1.€., size reduction of a high speed
COMPIressor.

The rotational speed of the motor 1s determined by a
frequency of a commercial power source since the induction
motor 1s used. Thus, the rotational speed of the motor cannot
be raised.

Another concern 1s that a discharge pressure of the high
speed compressor becomes higher than a designed value 1n
winter since an air temperature becomes lower 1n winter and
therefore an air density 1s higher in winter than 1n summer.
Consequently, the motor should bear a greater load 1n winter.
To avoid this, conventionally an inlet valve of the high speed
compressor 1s throttled.

SUMMARY OF THE INVENTION

One object of the present mvention 1s to provide a high
speed compressor which can be rotated at a high rotational
speed while ensuring a mechanically proper engagement
between a bull gear and a pinion gear and which can exhibit
predetermined performances regardless of a frequency of an
available commercial power source.

According to one aspect of the present invention, there 1s
provided a high speed compressor which comprises: a gear
box; two compressing units supported on opposite lateral
walls of the gear box, each compressing unit including a
scroll and an 1impeller rotatably housed in the scroll, each
impeller having an 1mpeller shaft extending into the gear
box and jointed with the other impeller shaft at 1ts end such
that the impellers share a common shaft; a pinion gear
mounted on the common impeller shaft; a bull gear sup-
ported 1n the gear box and engaged with the pinion gear, a
rotation center axis of the bull gear being coaxial to a center
axis of the gear box; a drive shaft extending from the bull
gear out of the gear box along the center axis of the gear box;
an 1nduction motor connected with the drive shaft for
causing the 1mpellers to rotate by way of the bull gear and
the pinion gear; and an inverter connected with the induction
motor at 1ts one end and with a commercial power source at
the other end for converting an A.C. power of the commer-
cial power source mnto an A.C. power having a desired
frequency and feeding it to the induction motor for actuation
of the mnduction motor.
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The gear ratio between the pinion gear and the bull gear
may be about 1/10 to 1/30. The induction motor may be a
two-pole motor. The inverter may have a rated output
frequency of about 60 to 200 Hz. Each impeller may be
rotated at 60,000 to 200,000 rpm so that the high speed
compressor of the mvention functions as a compact but high
performance high speed compressor.

BRIEF DESCRIPTION OF THE
ACCOMPANYING DRAWINGS

FIG. 1 illustrates a high speed compressor according to
the present invention, shown partly 1n section and, without
an 1ntercooler and an aftercooler;

FIG. 2 1llustrates a perspective view of two compressing,
units of the high speed compressor shown 1n FIG. 1, together
with the intercooler and aftercooler but without a gear box;
and

FIG. 3 1s a graph illustrating characteristics of the high
speed compressor shown 1n FIG. 1.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Now, a preferred embodiment of the present invention
will be described with reference to the accompanying draw-
Ings.

Referring to FIG. 1, a high speed compressor 10 1s a
two-stage-compression type compressor and includes two
compressing units 12 and 13. The first compressing unit 12
and the second compressing unit 13 are symmetrically

located on opposite side walls of a gear box 11 respectively
near an upper end of the gear box 11.

The first compressing unit 12 includes a first scroll 15
attached to the upper left side wall of the gear box 11 and a
first impeller 18 rotatably supported by the gear box 11 and
rotatably housed in the first scroll 15. An external air is
introduced 1nto the first compressing unit 12 1 an axial
direction of the first impeller 18 (from the left in FIG. 1) and
compressed by the first impeller 18 upon rotation of the first
impeller 18 as a centrifugal force 1s applied to the air.
Similarly, the second compressing unit 13 includes a second
scroll 16 mounted on the upper right side wall of the gear
box 11 and a second 1mpeller 19 rotatably supported by the
ogear box 11 and rotatably housed 1n the second scroll 16. The
compressed air from the first compressing unit 12 1s 1ntro-
duced to the second compressing unit 13 and another
centrifugal force 1s applied to the air by the second impeller
19 to turther compress the air.

The first and second impellers 18 and 19 have a common
shaft 22 or these two 1mpellers are connected to each other
by a first driven shaft 22. The first driven shaft 22 horizon-
tally extends through an upper portion of the gear box 11 and
1s rotatably supported by a pair of bearings 21 fitted 1n
openings formed 1n the opposite upper side walls of the gear
box 11. A pinion gear 23 1s provided on the first driven shaft
22 at 1ts midpoint.

A drive shaft 30 horizontally extends through a center
portion of the gear box 11 along a horizontal center axis of
the gear box. A second pair of bearings 31 buried in opposite
center walls of the gear box 11 support the drive shaft 30.
The drive shaft 30 extends beyond the right second bearing
31 and out of the gear box 11. A bull gear 32 1s provided on

the drive shaft 30 inside the gear box 11. The bull gear 32
meshes with the pinion gear 23.

The bull gear 32 1s a large-diameter gear having a large
number of teeth. The pinion gear 23 1s a small-diameter gear
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having a small number of teeth. A gear ratio between the
large gear and the small gear 1s between 1/10 and 1/30.

A free end of the drive shaft 30 1s connected to an
induction motor 35 via a coupling 33.

The 1llustrated induction motor 35 1s a two-pole induction
motor. This motor 35 1s driven by an inverter 40. The
inverter 40 includes a rectifier element 41 having diodes and
an 1nverter element 42 having transistors. A single- or
three-phase commercial A.C. power source 43 of 60 or 50
Hz 1s converted to a D.C. power by the rectifier element 41
and undergoes a smoothing operation. The resulting D.C.
power 15 on/oil controlled by the transistors of the mverter

element 42 to output a PWM (Pulse Width Modulated) wave
and 1n turn an A.C. power having a desired frequency.

A frequency controller 44 1s connected to the mnverter 40
to control the output frequency of the inverter by switching
on/off the transistors of the inverter element 42. A current
detector 45 1s also connected with the inverter 40 to detect
a current flowing 1n the mverter 440.

The 1nverter 40 generates an A.C. power having a fre-
quency of 60 to 200 Hz and supplies it to the induction motor
35. It should be noted that the mverter 40 can change the
output frequency between 0 Hz and 120 Hz at intervals of,
for example, 0.1 Hz.

The 1llustrated bull gear 32 and pinion gear 23 are smaller
than conventional ones 1n diameter respectively. This is
because the rotational speed of each of these gears 1s higher
than a conventional design. By reducing the gear diameter,
the peripheral speed of the gear 1s suppressed or maintained
at an appropriate value and therefore a mechanical safety of
the high speed compressor 1s ensured. If the peripheral speed
1s raised, the centrifugal force also becomes larger. The large
centrifugal force may result 1n breakage of the gears 23 and
32 and/or other parts of the high speed compressor or
malfunctioning of the high speed compressor 1.

In the 1llustrated embodiment, a load of the induction
motor 35 1s designed to be below 200 kW and a discharge
pressure at the last compressing unit of the high speed
compressor is designed to be 7 kg/cm?.

Referring now to FIG. 2, it 1s understood that the high
speed compressor of the mvention 1s provided with a water-
cooling-type air coolers (i.e., intercooler 51 and aftercooler
52).

Between the first compressing unit 12 and the second
compressing unit 13, provided 1s an intercooler 51. An
aftercooler 52 connects to an outlet of the second compress-
ing unit 13 via a tube 59. Cooling water tubes 54 and 35§
extend into and from each of the intercooler 51 and the
aftercooler 52 so that the compressed air 1s indirectly cooled
by the cooling water flowing through these water tubes.

An external air 1s sucked mto the first compressing unit 12
from an air intake opening 56 and compressed therein. Upon
compression, the air temperature rises. This compressed hot
air 1s mtroduced to the intercooler 51 through a first outlet
tube 57 and cooled therein. After that, the air 1s mtroduced
into the second compressing unit 13 by an inlet tube 58 and
compressed therein. The compressed air 1s then introduced
to the aftercooler 52 by the second outlet tube 59 and cooled
therein. The cooled and compressed air 1s ultimately sup-
plied from an outlet tube 33 to a particular unit which needs
the compressed air.

Now, operations of the high speed compressor will be

described.

Referring back to FIG. 1, the inverter 40 outputs a
two-phase A.C. power having a frequency of 60-200 Hz to
the 1nduction motor 35 using the frequency controller 44.
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The 1nduction motor 35 1s a bipolar motor and rotates at
a speed of 3,600-12,000 rpm. The bull gear 32 directly

connected to the induction motor 35 also rotates at a high
speed, 1.e., 3,600—-12,000 rpm. The gear ratio of the pinion
ogear 23 to the bull gear 32 1s about 1/10-1/30. As a resullt,
the speed of the impellers 18 and 19 connected to the pinion

gear 23 1s increased about 10-30 times and reaches about
60,000-200,000 rpm.

The 1inverter 40 inverts a commercial A.C. powerto a D.C.
power and converts 1t to an A.C. power having an desired
frequency. Therefore, the high speed compressor of the
invention 1s not influenced by the frequency of the commer-
cial power source. Specifically, regardless of the commercial
power source frequency being 50 or 60 Hz, the high speed
compressor can use the same gears and the same motor.

Since the 1impellers 18 and 19 rotate at a very high speed
such as 60,000 to 200,000 rpm and the diameters of the bull

ogear 32 and pinion gear 23 are reduced respectively as
compared with the conventional ones, both size reduction

and rotational speed increase are achieved.

The rated output frequency of the inverter 40 1s 60 to 200
Hz. It should be noted, however, that i1ts frequency 1is
adjustable at intervals of predetermined Hz (e.g., 0.1 Hz)
and therefore performances of the high speed compressor
are also adjustable.

Referring to FIG. 3, illustrated is relationship between
suction volume and planned (or designed) shaft power of the
high speed compressor and that between suction volume and
planned pressure increase.

In this embodiment, a planned pressure 1s 100% when
discharge pressure is, for example, 7 kg/cm” and a planned
flow rate (suction volume) at this discharge pressure is
100%. The point “p” represents a design point of when the
discharge pressure 1s 100% and the suction volume 1s 100%
with a condition that an inlet valve opening degree of the
high speed compressor 1s 100%. The pomnt “w” 1s a design
point of when a shaft power under the same condition takes
a 100% designed value. Then, the relationship between the
volume and the pressure draws a characteristic curve 70 and
the shaft power change draws a straight line 71.

The design point “p” 1s plotted under another condition
that the intake air temperature is a designed value (e.g., 25°
C.). If the atmospheric temperature rises to, for example, 35°
C. 1n summer, the air density drops so that the characteristic
curve 70 shifts downward as indicated by the dotted curve
72. If the atmospheric temperature drops to, for instance, 5°
C. 1n, winter, the air density rises about 10% and accordingly
the characteristic curve shifts upward as indicated by the

curve 73.

Theretore, the load of the high speed compressor 1 varies
with the intake air conditions. In particular, the discharge
pressure 1s high in winter so that the high speed compressor
1 1s operated under an excessive load condition.

To cope with this, the current detector 45 1s used to detect
the current of the mverter 40 for determination of the load
of the induction motor 35. If the detected current 1s beyond
a limit value, the frequency controller 44 causes the output
frequency of the mverter 40 to drop. Upon this controlling
operation by the controller 44, the rotational speed of the
imnduction motor 35 1s decelerated, the load on the induction
motor 35 1s lightened and the high speed compressor 1 is
driven according to the characteristic curve 70 which passes
through the design point “p”, i.e., the volume (intake air flow
rate) and the pressure of the high speed compressor take the

most desirable values.

Conventionally, the rotational speed of the induction
motor 1s fixed and not adjustable, and the load change due
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to the change of the intake air condition 1s coped with by
adjusting the opening degree of the intake valve. In the
present invention, on the other hand, the rotational speed of
the mnduction motor itself 1s also adjustable so that the load
change 1s coped with by the induction motor rotational speed

adjustment and/or the intake valve opening degree adjust-
ment.

Incidentally, the high speed compressor 1s usually oper-
ated by one of two control methods: one 1s a constant
pressure and non surge control method in which a discharge
pressure 1s maintained independently of volume change and
the other 1s a load and no load control method in which the
high speed compressor 1s turned on and off when the volume
changes.

Conventionally, these control methods are carried out by
adjusting the opening degree of the mlet valve. However, the
valve opening degree control only adjusts the intake air flow
rate: 1t does not control the performances or capability of the
high speed compressor. Accordingly, a drive range 1n the
volume/pressure graph 1s very limited. In the present
invention, the frequency control 1s added to the conventional
control (i.e., intake valve opening degree control) so that the
drive range or control range in the volume/pressure graph 1is
considerably broadened. Further, switching to the no load
operation from the load operation can be done 1n an easier
manner.

During the pressure-constant control, conventionally the
opening degree of the inlet valve of the high speed com-
pressor 1s adjusted 1n order to maintain the discharge pres-
sure when the volume changes (or when consumed air flow
rate changes). If the valve opening degree is adjusted, both
the volume and pressure change. The inlet valve opening
degree adjustment results 1n larger change 1n volume than in
pressure. Contrarily, the frequency of the power source to
the induction motor 1s adjusted by the inverter 40 in the
present invention. The frequency adjustment can change the
pressure without substantial change of the volume.
Specifically, the pressure varies with square of rotational
speed and the volume 1s proportional to the rotational speed
so that larger change occurs 1n pressure than in volume. In
the present mvention, therefore, the inverter 40 1s mainly
utilized to keep the discharge pressure at a constant value
when the volume change 1s small whereas the intake valve
1s mainly utilized when the volume change 1s large.

During the load condition of the non-load/load drive
mode, the high speed compressor 1s operated according to
the curve 70 of FIG. 3. During the non-load condition, the
inlet valve 1s throttled to a 15% opening degree from a 100%
opening degree until the discharge pressure approaches the
atmospheric pressure and the shaft power of the high speed
compressor drops to 10%. In this case, the rotational speed
of the high speed compressor 1s also decelerated by the
inverter 40 for smooth and easy shifting to the non-load
condition from the load condition.

In the foregoing, the high speed compressor of a two-
stage compression type 1s described. However, 1t should be
noted that the present invention may be applied to a three-
stage compression type and a four-stage compression type.
Further, the 1llustrated induction motor 1s a two-pole motor,
but 1t may be a motor having three poles or more.

What 1s claimed 1s:

1. A method for driving a high speed compressor from a
commerclal AC power source having a frequency of 60 Hz
or less, the high speed compressor including a gear box
having an outer surface and a center axis, a plurality of
compressing units supported on the outer surface of the gear
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box, each compressing unit including a scroll and an 1mpel-
ler rotatably housed in the scroll, each impeller having an
impeller shaft extending into the gear box, a bull gear placed
in the gear box, a drive shaft extending from the bull gear out
of the gear box along the center axis of the gear box, and a
pinion gear drive between each impeller shaft including a
pinion gear mounted on the impeller shaft and engaged with
the bull gear, with a gear ratio between the pinion gear and
the bull gear bemg about 1/10 to 1/30, said method com-
prising:
providing an induction motor drivingly connected with
the drive shaft for causing the impellers to rotate by
means of the bull gear and the pinion gear drive so that
cach impeller 1s rotatable at a predetermined maximum
speed 1f the 1nduction motor 1s directly powered from
the commercial AC power source;

interposing an inverter between the 1induction motor and
the commercial AC power source for converting the AC
power from the commercial power source mnto an AC
power having a desired frequency greater than 60 Hz
and less than 200 Hz and feeding it to the induction
motor for actuation of the induction motor, whereby
cach impeller 1s rotated at a speed greater than said
predetermined maximum speed;

determining an excessive load on the induction motor by
detecting a current flowing 1n the inverter; and

providing a frequency controller for controlling an output
frequency of the mverter, whereby the frequency con-
verter causes the 1nverter to drop its output frequency
when the current detected exceeds a predetermined
current value.
2. The method of claim 1, wherein the plurality of
compressing units are first and second compressing units,
and the first and second compressing units are positioned on

10

15

20

25

30

3

opposite sides of the gear box, connected with each other by
a mutual impeller shaft, and share a common pinion gear
provided on the mutual impeller shaft.

3. The method of claim 1, wherein each impeller 1s rotated
at about 100,000 to 200,000 rpm.

4. The method of claim 1, wherein the induction motor 1s
a two-pole 1induction motor.

5. The method of claim 1, wherein the inverter includes a
rectifier unit for converting the commercial AC power to DC
power and an 1nverter unit for converting the DC power to
the AC power having a desired frequency greater than 60 Hz
and less than 200 Hz.

6. The method of claim 1, further comprising the step of
maintaining a discharge pressure of the high speed com-
pressor at a predetermined discharge value.

7. The method of claim 6, wherein the discharge pressure
of the high speed compressor 1s maintained at the pre-
determined discharge value by adjusting the output fre-
quency of the inverter by means of the frequency controller.

8. The method of claim 6, wherein the pre-determined
discharge value is about 7 keg/cm”.

9. The method of claim 1, wherein each compressing unit
produces compressed air, and further comprising the step of
indirectly cooling the compressed air.

10. The method of claim 2, wherein each compressing
unit produces compressed air, and further comprising the
step of indirectly cooling the compressed air.

11. The method of claim 10, wherein the step of indirectly
cooling the compressed air comprises providing intercooler
means between the first compressing unit and the second
compressing unit, and providing aftercooler means at an
outlet of the second compressing unit.
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